Takeuchi S, Mukai N, Tateishi T, Miyakawa S. Production of sex steroid hormones from DHEA in articular chondrocyte of rats. Am J Physiol Endocrinol Metab 293: E410-E415, 2007. First published May 1, 2007 doi:10.1152/ajpendo.00042.2007.-Dehydroepiandrosterone (DHEA), a precursor of sex steroid hormones, is synthesized by cholesterol side-chain cleavage cytochrome P-450 and 17␣-hydroxylase cytochrome P-450 mainly from cholesterol and converted to testosterone and estrogen by 3␤-hydroxysteroid dehydrogenase (3␤-HSD), 17␤-HSD, and aromatase cytochrome P-450. Although sex steroid hormones have important effects in the protection of articular cartilage, it is unclear whether articular cartilage has a local steroidogenic enzymatic machinery capable of metabolizing DHEA. This study was aimed to clarify whether steroidogenesisrelated enzymes are expressed in articular chondrocytes, whether expression levels are changed by DHEA, and whether articular chondrocytes are capable of synthesizing sex steroid hormones from DHEA. Articular chondrocytes isolated from adult rats were cultured with DHEA for 3 days. All of the mRNA expressions of steroidogenesis-related enzymes were detected in cultured articular chondrocytes of rats, but the mRNA expression levels of testosterone and estradiol in cultured media increased after the addition of DHEA. These findings provided the first evidence that articular chondrocytes expressed steroidogenesis-related enzyme genes and that they are capable of locally synthesizing sex steroid hormones locally from DHEA. testosterone; estrogen; dehydroepiandrosterone; steroidogenesis-related enzymes OSTEOARTHRITIS (OA) is the most common arthropathy and results in significant disability in the elderly. Pathological characteristics of OA are progressive loss of articular cartilage, subchondral bone remodeling, bone spur formation, and synovial inflammation. In postmenopausal women, a gradual decrease of sex steroid hormones, i.e., estrogen, may result in elevated risk factors for OA (9, 22) . It is well known that hormone replacement therapy reduces the prevalence and incidence of OA in postmenopausal women (27, 37, 43) . Additionally, long-term estrogen replacement therapy (ERT) significantly reduces the severity of OA lesions in ovariectomized cynomolgus monkeys (12). Recently, several studies reported that dehydroepiandrosterone (DHEA), classified as an adrenal androgen, has a protective role in maintaining articular cartilage (15, 16). Thus levels of sex steroid hormones, such as androgens, estrogen, and DHEA, are linked to degenerative or protective effects on articular cartilage.
(DHEAS) are important precursors of sex steroid hormones in peripheral tissues. DHEA and DHEAS, mainly secreted by the adrenal gland and ovary, are the most abundant hormones in mammals including humans. For instance, plasma levels of DHEA in humans are 100 to 500 times higher than testosterone and 1,000 to 10,000 times higher than estradiol (18) . Several peripheral tissues express DHEA and DHEAS metabolic enzymes and are capable of local formation of sex steroid hormones (19, 33) . The biosynthesis of active androgens and estrogens is achieved by the following steroidogenesis-related enzymes: cholesterol side-chain cleavage cytochrome P-450 (P450scc), 17␣-hydroxylase cytochrome P-450 (P450c17), 3␤-hydroxysteroid dehydrogenase (3␤-HSD), 17␤-HSD, and aromatase cytochrome P-450 (P450arom) (17, 42) . DHEA is synthesized from cholesterol and pregnenolone by the metabolic pathways of P450scc and P450c17 (42) . Testosterone is synthesized through the metabolism of DHEA by 3␤-HSD and 17␤-HSD, and estrogens are converted from androgens catalyzed by P450arom (17, 18) . During a preliminary study, 17␤-HSD activity was detected in articular chondrocytes of rabbits (3) . However, the expression of other steroidogenesisrelated enzymes and the capability of synthesizing sex steroid hormones in articular cartilage have remained unclear. Elucidating local biosynthesis of active sex steroid hormones in articular chondrocytes would provide a deeper insight into the mechanism by which DHEA confers a protective effect on articular cartilage.
For this reason, we hypothesized that steroidogenesis-related enzymes, including P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom, are present in the articular cartilage and that they locally synthesize sex steroid hormones from circulating DHEA. In the present study, we examined whether steroidogenesis-related enzymes are expressed in articular chondrocytes, whether expression levels of these enzymes are changed by DHEA, and whether articular chondrocytes are capable of synthesizing sex steroid hormones from DHEA in primary cultured chondrocytes of adult rats.
MATERIALS AND METHODS

Isolation of chondrocytes.
The experimental protocols were approved by the Committee on Animal Research at the University of Tsukuba. Adult female Sprague-Dawley rats were obtained from Charles River Japan (Yokohama, Japan). The cartilage was collected from the knee and shoulder joints bilaterally under sterile conditions and was washed with calcium-and magnesium-free Dulbecco's phosphate-buffered saline and minced into small pieces. Chondrocytes were released from articular cartilage after being digested by 0.2% collagenase type II (Worthington Biochemical, Lakewood, NJ) in high-glucose Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO) containing 1% anti-penicillin-streptomycin solution (Sigma) at 37°C. After the removal of undigested cartilage using a 70-m nylon sieve, the chondrocytes were collected by centrifugation, washed twice, and resuspended in DMEM supplemented with 10% fetal bovine serum, containing 1% penicillin-streptomycin (culture medium). The cells were seeded in T-25 culture flasks in culture medium under an atmosphere of 5% CO2 and 95% air at 37°C. The culture medium was changed every 48 to 72 h.
Chondrocyte culture and treatment. At confluence, chondrocytes were harvested with 0.25% trypsin-0.02% EDTA (Gibco, Rockville, MD) and seeded in a six-well culture plate at a density of 5 ϫ 10 4 cells/cm 2 . When a confluence level of 80% to 90% was reached, the cells were cultured with 0, 100, 200, or 300 M of DHEA (Sigma). DHEA was dissolved in 95% ethanol. After 3 days, the cultured media samples were harvested and the cells were detached. All experiments were performed only with the first passaged cells.
The ATDC5 chondrocyte cell line was used as a positive control, purchased from RIKEN cell bank (Ibaraki, Japan) and maintained as described by Atsumi et al. (2) . ATDC5 was cultured for 7 days, and cells were detached.
Total RNA extractions and reverse transcription. Total RNA was extracted from the cultured chondrocytes using Isogen (Nippon Gene, Toyama, Japan) according to the manufacturer's instructions. The complementary DNA from prepared RNA (2 g) was synthesized with omniscript reverse transcriptase (Qiagen, Tokyo, Japan) using an oligo (dT) primer at 37°C for 60 min.
Semiquantitative and real-time quantitative PCR. The mRNA expression level of type II collagen was analyzed by semiquantitative PCR. Each PCR reaction contained 10 mM Tris ⅐ HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, dNTP at 2 mM each type II collagen or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers at 0.5 M each, and 0.5 U/l rTaq DNA polymerase (Toyobo, Osaka, Japan). The sequence of the oligonucleotide was as follows: type II collagen forward: 5Ј-TGGTGCATCTGGAGACAGAG-3Ј, type II collagen reverse: 5Ј-GCCAGAAGTACCCTGATCTC-3Ј, GAPDH forward: 5Ј-CCCCTTCATTGACCTCAACTAC-3Ј, and GAPDH reverse: 5Ј-ACAACCTGGTCCTCAGTGTAGC-3Ј.
PCR was performed using a PCR thermal cycler (iCycler Version 3.021; Bio-Rad, Hercules, CA). The cycle profile included denaturation for 1 min at 94°C, annealing for 1 min at 58°C, and extension for 1 min at 72°C. The amplified PCR products were electrophoresed on 1.5% agarose gels, stained with ethidium bromide, visualized by an ultraviolet transilluminator, and photographed (Toyobo).
The mRNA expression levels of P450scc (28), P450c17 (10), 3␤-HSD (45), 17␤-HSD (11), P450arom (13), and GAPDH (39) were analyzed by real-time quantitative PCR with TaqMan (FAM) probe using an ABI Prism 7500 Sequence Detector (Perkin-Elmer Applied Biosystems, Foster, CA). Each PCR amplification used the following profile: 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 15 s, and 1 cycle of 60°C for 1 min. The expression of GAPDH mRNA was used as an internal control. The quantitative values of P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom mRNA were normalized by that of GAPDH mRNA expression. The sequences of the oligonucleotide are shown in Table 1 .
Concentrations of testosterone and estradiol. Concentrations of testosterone and estradiol in cultured media were determined using a commercial enzyme immunoassay (EIA) and enzyme-linked immunosorbent assay (ELISA) kits. The level of testosterone was determined using a testosterone EIA kit (Cayman Chemical, Ann Arbor, MI) and the level of estradiol using a 17␤-estoradiol ELISA kit (Japan EnviroChemicals, Tokyo, Japan). All techniques and materials used in this analysis were in accordance with the manufacturer's protocol. All samples were assayed in duplicate.
Statistical analysis.
All experiments were performed in triplicate. Results were expressed as means Ϯ SE of three experiments. Statistical comparisons were carried out by Kruskal-Wallis test to examine differences between individual date points. Statistical significance was set at P Ͻ 0.05.
RESULTS
Messenger RNA expression of type II collagen, a marker of articular chondrocytes, was detected in cultured cells of rats (Fig. 1) . Additionally, to investigate the effect of adding DHEA to cultured articular chondrocytes, the levels of mRNA expression of type II collagen were measured after adding DHEA and changing the culture media; however, no changes were observed in them. The levels of GAPDH mRNA expression, an internal control, also did not change (data not shown).
To investigate whether articular chondrocytes possess steroidogenic capabilities, we examined the existence of P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom mRNA and the response to mRNA expression of steroidogenesis-related enzymes after adding DHEA to articular chondrocytes (Figs. 2 and 3). Consistent with our hypothesis, mRNA expression of P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom was detected in articular chondrocytes of rats. However, levels of mRNA expression of P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom in articular chondrocytes did not change after the addition of DHEA.
By adding increasing concentrations of DHEA to articular chondrocytes, we sought to investigate whether articular chondrocytes are capable of using DHEA as a substrate or metabolite precursor for local steroidogenesis (Fig. 4) . Our results confirmed that the concentrations of testosterone and estradiol in cultured media increased after the addition of DHEA at 100 to 300 M. 
P450scc, side-chain cleavage cytochrome P-450; P450c17, 17␣-hydroxylase cytochrome P-450; 3␤-HSD, 3␤-hydroxysteroid dehydrogenase; 17␤-HSD, 17␤-hydroxysteroid dehydrogenase; P450arom, aromatase cytochrome P-450.
DISCUSSION
The present study revealed the expression of mRNA of steroidogenesis-related enzymes, including P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom, in articular chondrocytes of rats. Importantly, concentrations of testosterone and estradiol in cultured media increased by the addition of DHEA. These findings are novel and important in that articular cartilage is capable of locally synthesizing sex steroid hormones from DHEA.
Numerous studies have previously demonstrated the expression of steroidogenesis-related enzymes in various tissues, for instance, in testis, ovary, adrenal gland, brain, bone, and skeletal muscle (1, 29, 31, 32, 41) . Any peripheral tissue can participate in the uptake of numerous circulating DHEAS, and DHEA can be converted to testosterone and estrogen through 3␤-HSD, 17␤-HSD, and P450arom (35, 38) . The present study showed mRNA expression of all steroidogenesis-related enzymes, including P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom, detected in articular chondrocytes of rats. A preliminary study showed that only 17␤-HSD is present in the cultured chondrocytes of rabbits (4) . Thus the present results suggest that articular cartilage is one of the tissues to possess a steroidogenesis system. Additionally, in the present study, the levels of mRNA expression of P450scc, P450c17, 3␤-HSD, 17␤-HSD, and P450arom in articular chondrocytes did not change when DHEA was added. These results indicate that DHEA may induce an enhancement in the transcriptional regulation of steroidogenesis-related enzymes in articular chondrocytes.
The functional significance of gonadal-derived sex steroid hormones is well known. Recently, it has been proposed that other tissue-derived sex steroid hormones in nervous, adipose, and adrenal tissues, among others, play an important role in the physiology and pathophysiology of cells in these tissues (5) . Interestingly, we demonstrated an increase in production of testosterone and estradiol from DHEA in cultured media of articular chondrocytes. Evidence supporting a role for local sex steroid hormones in articular chondrocytes has been widely reported (9, 12, 27, 37, 43) ; however, the exact source of these hormones is unclear. Our results clearly demonstrate the presence and activity of local metabolic machinery or a pathway for the substrate DHEA and the subsequent secretion of testosterone and estrogens in cultured media of articular cartilage. In fact, this study detected the genetic expression of 3␤-HSD, 17␤-HSD, and P450arom, which are metabolic enzymes of DHEA, in the articular chondrocytes. Thus the articular chondrocytes of rats may metabolize DHEA through the metabolic pathway of these enzymes and synthesize testosterone and estradiol into the cell. Therefore, we propose the existence of a local secreting system of testosterone and estrogens using DHEA.
Aging-induced impairment in sex steroid hormones, particularly in postmenopausal women, increases the risk of OA. Therefore, understanding the role of sex steroid hormones in Fig. 2 . Expression of mRNA of steroidogenesis-related enzymes involving side-chain cleavage cytochrome P-450 (P450scc; A) and 17␣-hydroxylase cytochrome P-450 (P450c17; B) after addition of dehydroepiandrosterone (DHEA; 0, 100, 200, and 300 M) to articular chondrocytes in cultured media. Data are expressed as means Ϯ SE. AU, arbitrary units. the protection of articular chondrocytes is critical for developing an effective therapeutic strategy for OA. Other studies have reported that women who received ERT for at least 5 yr showed an increase in the volume of knee cartilage compared with those who did not receive ERT (43) . Similarly, the use of hormone replacement therapy in women protected recipients from developing OA of the hip and knee (27, 37) . In addition, estrogen improved OA-induced molecular responses in human chondrocytes (20) . On the other hand, the decreasing testosterone levels were significantly associated with an increasing OA score in women with OA of the hand (36) . One study of healthy men reported a positive correlation between tibial cartilage volume and serum testosterone levels (6) . The present study revealed a local production of sex steroid hormones from DHEA in chondrocytes. DHEA and DHEAS can be found in synovial fluid (7) . Because articular cartilage is an avascular tissue (23), DHEA may be taken up from synovial fluid and metabolized by articular chondrocytes. Furthermore, to confirm this, in vivo studies are necessary to ascertain the concentration of DHEA in synovial fluid. Although no receptor for DHEA has been identified until now (42) , the expression of receptors for androgen and estrogen (estrogen receptor ␣ and ␤) has been detected in articular chondrocytes (26, 40) . In recent studies, both in vitro and in vivo, DHEA was shown to improve the imbalance of transcriptional regulation between matrix metalloproteinases and tissue inhibitor of metalloproteinase 1 in articular cartilage, resulting in protection against articular cartilage loss (15, 16, 44) . Thus our results support the idea that the local formation of sex steroid hormones from DHEA in chondrocytes may participate in a molecular mechanism underlying sex steroid-induced improvement of OA. Additionally, our study detected DHEA-metabolic enzymes (e.g., 3␤-HSD, 17␤-HSD, and P450arom) in the articular chondrocytes. Plasma levels of DHEA and DHEAS levels in human adults are markedly higher than corresponding levels of testosterone and estradiol (18) . Therefore, DHEA and DHEAS are potential components in therapeutic strategies for OA.
The intravital normal condition of cultured cells may alter with any change in external microenvironments, including change of culture media, addition of DHEA, and incubating oxygen saturation. In the present study, the type II collagen and GAPDH mRNA expression levels did not change after an addition of DHEA and a change of culture media in the cultured articular chondrocytes. Thus the cell culture-induced external microenvironment may not affect the cell condition in the present study. However, we cannot rule out the possibility of the involvement of external microenvironments in the present results. Therefore, future studies should clarify this issue and examine in vivo in the current experimental setting. The sequences of PCR primers that we used in the present study were designed from the following sequences: P450scc (28), 3␤-HSD (45), 17␤-HSD (11), and P450arom (13) refer to ovary; and P450c17 (10) refers to testis. Additionally, 3␤-HSD in rat exists as four different isoforms (types I-IV) (30) . In the present study, we used PCR primers of 3␤-HSD, which detects the common sequences of both type I and type II expressed in ovary, testis, brain, etc. 17␤-HSD in rat exists as 10 different isoforms (types I-VIII, X, and XII) (14, 21, 24) , and we used PCR primer of 17␤-HSD type I, expressed in ovary, testis, bone, etc. P450scc, P450c17, and P450arom genes did not exist in any isoforms. Accordingly, the sequence of detected steroidogenesis-related enzyme genes in articular chondrocytes may correspond to those in ovary or testis; however, we did not carry out cloning and sequencing of steroidogenesis-related enzyme genes in articular chondrocytes. Future studies should examine the precise sequences of these genes in the articular chondrocytes in the current experimental setting. The fact that the cells used in this study confirmed detection by mRNA expression of type II collagen, which accounts for 90 -95% of the collagen in articular cartilage (8) , proved that these are articular chondrocytes. We therefore inferred that steroidogenesis-related enzymes exist in the nuclear region of articular chondrocytes because we used these cells. However, we did not examine the cultured cells immunohistochemically. These enzymes are expressed in cytoplasmic region of ovary and testis; therefore, we considered that protein expressions of these enzymes exist in the cytoplasmic region of articular chondrocytes. Future studies should clarify this issue and examine the localization of these enzymes not only in vitro but also in vivo in the current experimental setting.
In conclusion, our findings indicate the presence of steroidogenesis-related enzymes in articular chondrocytes of adult rats and show that sex steroid hormones are locally synthesized from DHEA in articular chondrocytes. Therefore, the chondroprotective effects of sex steroid hormones may occur intracrinology in the articular chondrocytes of rats.
